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Abstract
Debris beds may be formed during a nuclear reactor severe accident and coolability of these beds is important to avoid release of
radioactive materials into the environment. However, debris bed water quenching is challenging to understand, and model, because
of the complex multi-phase ﬂow and heat transfer physics involved which may include boiling. This paper develops a modelling
method for boiling and demonstrates its abilities with some applications. The model is based on a multi-ﬂuid approach, in which
one phase represents the liquid, the second phase the gas phase the third phase represents the solid debris bed. In each ﬂuid phase
a set of conservation equations for mass, energy and momentum are solved with appropriate inter-phase exchange terms coupling
the ﬂuid phases.
c© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of Indian Institute of Technology, Hyderabad.
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1. Introduction
In the event of prolonged loss of cooling within a nuclear reactor integrity of internal structures may be compro-
mised and materials might melt. This will form a debris bed which consist of fragments from the cladding and pellets
that constitute the nuclear fuel. If it is not rapidly cooled, this mass will begin to melt and become harder to cool.
Here a method for simulating such environments using a multi-ﬂuid approach is presented. This includes ﬂooding
of porous media and boiling.
The remainder of this paper is organised as follows. A brief description of the model is given in section 2 and
preliminary results are presented in section 4. Finally, some concluding remarks are given in section 5.
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2. Model Equations for Boiling
In this section the governing multi-phase ﬂuid equations and modelling assumptions are presented. The basic
assumption is that the system can be modelled using a three-ﬂuid model, representing the liquid, steam and solid
phases, in which the debris bed is the solid phase.
2.1. Conservation of mass
The continuity equation for phase k is expressed by:
∂
∂t
(αkρk) + ∇ · (αkρkvk) = Γk, (1)
where t is the time variable, ρk, αk and vk are the density, volume fraction and velocity of phase k, respectively, and Γ
is a source/sink term that accounts for mass exchange between phases.
2.2. Force balance equations
The force balance equations are expressed by:
αlρl
(
∂vl
∂t
+ vl · ∇vl
)
= −αl∇p + ∇ · τl + αlρlg + Σlg
(
vg − vl
)
+ Σsl (vs − vl) , (2)
αgρg
(
∂vg
∂t
+ vg · ∇vg
)
= −αg∇p + ∇ · τg + αgρgg + Σlg
(
vl − vg
)
+ Σsg
(
vs − vg
)
+ FVM + FIP, (3)
αsρs
(
∂vs
∂t
+ vs · ∇vs
)
= −αs∇p + ∇ · τs + αsρsg + Σsl (vl − vs) + Σsg
(
vg − vs
)
− Σssvs, (4)
where τ is the deviatoric stress tensor, the Σ’s are the inter-facial drag coeﬃcients, p is the shared pressure of all
phases; g is the gravitational acceleration. Subscripts g, l and s denote the gas, liquid and solid debris bed (porous
medium) phases, respectively. The absorption coeﬃcient Σss is used here to ensure that the solid phase remains
immobile. The virtual mass and inter-phase pressure terms are given by:
FVM =
αgρl
2
(
∂vl
∂t
+ vl · ∇vl − ∂vg
∂t
− vg · ∇vg
)
and FIP =
1
4
αgρl
(
vg − vl
)2 ∇αg. (5)
2.3. Internal energy conservation
The equations for internal energy
(
el, eg, es
)
expressed in terms of temperature
(
Tl, Tg, Ts
)
, in non-conservative
form, are:
Cplρlαl
(
∂Tl
∂t
+ vl · ∇Tl
)
= −p
(
∂αl
∂t
+ ∇ · αlvl
)
+∇ · (αlκl∇Tl) + ΣTlg
(
Tg − Tl
)
+ ΣTsl (Ts − Tl) + Σvapl (Tsat − Tl)
+Γlhl + ΓlLe0 − ΓlCplTl, (6)
Cpgρgαg
(
∂Tg
∂t
+ vg · ∇Tg
)
= −p
(
∂αg
∂t
+ ∇ · αgvg
)
+∇ ·
(
αgκg∇Tg
)
+ ΣTlg
(
Tl − Tg
)
+ ΣTsg
(
Ts − Tg
)
+ Σvapg
(
Tsat − Tg
)
+Γghg − ΓgCpgTg, (7)
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Cpsρsαs
(
∂Ts
∂t
+ vs · ∇Ts
)
= −p
(
∂αs
∂t
+ ∇ · αsvs
)
+∇ · (αsκs∇Ts) + ΣTsl (Tl − Ts) + ΣTsg
(
Tg − Ts
)
+ S s, (8)
where Cp, κ and h are the heat capacity, thermal conductivity and enthalpy, respectively. The ΣT ’s are inter-facial heat
transfer coeﬃcients and the Σvap’s are volumetric heat transfer coeﬃcients due to vapourisation-condensation. Tsat is
the saturation temperature and Le0 = 2.26 × 106J/kg. The source term S s can be used to include decay heat to the
model.
It is now easy to see the eﬀect of latent heat. On summing these two equations the interface heat exchange terms
disappear, due to the interface Stefan condition (see section 3.3), leaving the term Le0Γl acting as a sink when boiling
(Γg = −Γl > 0) and relaxing the liquid temperature towards Tsat.
3. Parametrisations
In this section the parametrisations used are brieﬂy outlined. They are primarily taken from2,3.
3.1. Force balance equations
The inter-facial drag coeﬃcients are:
Σsg = 150
α2gsμg
αsgd2p
+
7
4
αgsρg
∣∣∣vg − vs∣∣∣
dp
, Σsl = 150
α2lsμl
αsld2p
+
7
4
αlsρl |vl − vs|
dp
, Σlg =
3
4
CD
αlgαglρl
∣∣∣vg − vl∣∣∣
db
α−2.65lg , (9)
where dp is the debris bed particle diameter, db is the average bubble diameter and the drag coeﬃcient CD is related
to the Reynolds number Relg by:
CD =
⎧⎪⎪⎨⎪⎪⎩
24
αlgRelg
{
1 + 0.15
(
αlgRelg
)0.687}
, if αlgRelg < 1000
0.44 , if αlgRelg ≥ 1000
(10)
and:
Relg =
ρl
∣∣∣vg − vl∣∣∣ db
μl
. (11)
The average bubble diameter is calculated using:
db =
Weσ
ρl
(
vg − vl
)2 , (12)
where We = 5 and σ = 0.06N/m. The bubble size is capped according to:
db = min
{
dp,max
{
10−7, db
}}
. (13)
The normalised volume fractions are given by:
αsg =
αs
αs + αg
, αgs =
αg
αs + αg
, αsl =
αs
αs + αl
, αls =
αl
αs + αl
, αlg =
αl
αl + αg
, αgl =
αg
αl + αg
. (14)
3.2. Heat transfer coeﬃcients
The inter-facial heat transfer coeﬃcients are calculated using the Ranz-Marshall correlation valid for spherical
bubbles or particles:
Nu =
hd
κ
= 2 + 0.6Re
1
2 Pr
1
3 , (15)
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where Nu, Re ∈ [0, 200] and Pr ∈ [0, 250] are the dimensionless Nusselt, Reynolds and Prandtl numbers, respectively.
Therefore:
ΣTsl =
κl
dp
(
2 + 0.6Resl
1
2 Pr
1
3
l
)
, ΣTsg =
κg
dp
(
2 + 0.6Resg
1
2 Pr
1
3
g
)
, ΣTlg =
κl
db
(
2 + 0.6Relg
1
2 Pr
1
3
l
)
, (16)
where:
Resl =
ρl |vl − vs| dp
μl
, Resg =
ρg
∣∣∣vg − vs∣∣∣ dp
μg
. (17)
3.3. Interface Stefan condition for mass transfer from heat transfer
The interface Stefan condition for mass transfer from heat transfer is determined by considering the thermal energy
equation over the interface between the liquid and vapour/gas and ignoring storage terms in the equations. The Stefan
condition is parametrised here by summing the heat transfer and mass transfer terms for vapour in the energy equations
and setting this balance to zero:
Σvapl(Tsat − Tl) + Σvapg(Tsat − Tg) + ΓgLh = 0, (18)
in which we have used the latent heat Lh:
Γghg + Γlhl = Γg(hg − hl) = ΓgLh, (19)
and also Γg = −Γl. Thus, the mass transfer rate Γg is determined from:
Γg = −
Σvapl(Tsat − Tl) + Σvapg(Tsat − Tg)
Lh
, (20)
where:
hl =
{−Le0 +CplTl + pρl , if Tsat < Tl−Le0 +CplTsat + pρl , if Tsat ≥ Tl, (21)
hg =
⎧⎪⎪⎨⎪⎪⎩
CpgTsat +
p
ρg
, if Tsat < Tg
CpgTl +
p
ρg
, if Tsat ≥ Tg. (22)
Based on3, the heat transfer coeﬃcient Σvapl is calculated by:
Σvapl =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
max
{
κl
db
12
π |Tsat − Tl|
ρlCpl
ρgLh
β, κldb
(
2 + 0.74 (αlRel)0.5
)}
3.6αb
db
, if Tsat < Tl
min
{
Σvapl
max,
F5Lhρgρlαg
ρl−ρg
}
, if Tsat ≥ Tl,
(23)
where β = 1, αb = max{αg, 10−5},
F5 =
{
0.075 + 1.8ϕC exp (−45αb) , if αg < 0.25
0.075 , if αg ≥ 0.25, (24)
ϕ =
⎧⎪⎪⎨⎪⎪⎩
1 , if
∣∣∣vg − vl∣∣∣ ≤ 0.61m/s(
1.639344
∣∣∣vg − vl∣∣∣)0.47 , if ∣∣∣vg − vl∣∣∣ > 0.61m/s, (25)
C =
{
65 − 5.69 × 10−5
(
p − 105
)
, if p ≤ 1.1272 × 106Pa
2.5 × 109p−1.418 , if p > 1.1272 × 106Pa, (26)
Σvapl
max = 17539max
{
4.724, 472.4αgαl
}
max
{
0,min
{
1,
αg
0.1
}}
. (27)
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The heat transfer coeﬃcient Σvapg is calculated by:
Σvapg = 10
4 3.6αb
db
. (28)
The ﬁnal value of the heat transfer coeﬃcients for the liquid and gas are limited by a maximum of:
Σvapl
max =
⎧⎪⎪⎨⎪⎪⎩
min{γρg,αlρl}Lh
Δtref max{ε,|Tsat−Tl |} , if Tsat < Tl
γαgρgLh
Δtref max{ε,|Tsat−Tl |} , if Tsat ≥ Tl
, Σvapg
max =
⎧⎪⎪⎪⎨⎪⎪⎪⎩
min{γρg,αlρl}Lh
Δtref max{ε,|Tsat−Tg |} , if Tsat < Tg
γαgρgLh
Δtref max{ε,|Tsat−Tg |} , if Tsat ≥ Tg,
(29)
respectively, where ε = 10−10, γ = 10 and Δtref = 1s.
4. Results
The model is used to simulate boiling in a porous medium in 2D. A uniform porosity of 0.4 (i.e. αs = 0.4) is
assumed and the dimensions of the computational domain are 1m × 2m. The acceleration due to gravity is 9.81m/s2
and gravity acts on the y direction. The material properties of the three phases are given in Table 1. The saturation
temperature (in degrees Celsius) is a function of pressure (in Pa) and is calculated by:
Tsat = 500
2
π
arctan
(
0.5π
(
p′ − 5 × 104
)
10−6
)
− 273.15, (30)
where:
p′ = 1.56 × 106 +C
(
p × 10−5 − 106
)
, (31)
and:
C =
{
0.5 , if p ≤ 1011Pa
0.3 , if p > 1011Pa. (32)
Table 1. Material properties for the liquid, gas and solid phases. As far as the equations of state are concerned, the pressure is in Pa and the
temperature is in degrees Celsius.
ρ (kg/m3) Cp (J/kg K) κ (W/m K) μ (Pa s)
l 958.0966
(
1 − 2 × 10−4 (Tl − 100)
)
4200 0.58 3 × 10−4
g p/461.5(Tg+273.15) 1996 0.016 10−5
s 8000 500 16.2 0
The domain is initially saturated in water (αl = 0.6) and the background temperature of all three phases is 99.9◦C.
A perturbation in the liquid phase temperature ﬁeld initial condition is used to initiate boiling. Results from three such
cases with perturbation magnitude 104, 106 and 110◦C are presented here. Perturbations are circular, centred around
(0.5, 0.5) and have a radius of 0.15m.
Free-slip boundary conditions are applied on the sides and bottom of the domain. The top boundary is assumed to
be open and an atmospheric pressure condition is applied. A structured mesh of triangular elements with 20 and 40
layers in the x and y directions, respectively, is used for the three simulations.
Instantaneous maps of the vapour volume fraction at six time levels for the three simulations are shown in Fig. 1
and 2. The eﬀect of the increased perturbation temperature on the vapourisation process is evident. For the 104 and
106◦C cases the vapour starts to condense toward the end of the simulation (see Fig. 2, left and middle columns).
An additional simulation is performed using anisotropic mesh adaptivity. The model set-up is identical to the
106◦C case except for the mesh. Instantaneous maps of the vapour volume fraction and vapour temperature along
with the adapted mesh (bottom) at three time levels are shown in Fig. 3
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Fig. 1. Instantaneous maps of the vapour volume fraction at time levels t = 0.02, 0.4 and 0.8s from top to bottom. Left column: 104◦C case.
Middle column: 106◦C case. Right column: 110◦C case.
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Fig. 2. Instantaneous maps of the vapour volume fraction at time levels t = 2, 4 and 8s from top to bottom. Left column: 104◦C case. Middle
column: 106◦C case. Right column: 110◦C case.
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Fig. 3. Instantaneous maps of the vapour volume fraction (top) and vapour temperature along with the adapted mesh (bottom) at time levels t = 0.2
(left column), 1 (middle column) and 2s (right column).
5. Conclusions
A method for numerically simulating boiling in porous media has been brieﬂy outlined here. Some features,
including anisotropic mesh adaptivity, have been demonstrated through the simulations presented here.
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